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Low-cost abundant cobalt sulphide (CoS) is one of the potential and promising electrocatalysts which has been widely utilized in various energy storage/conversion devices such as Li-ion battery, supercapacitor [13] [14] [15] , etc. It was also found that CoS as CE for DSSCs is capable of catalyzing the reduction of I 3 − . Nevertheless, its catalytic activity still needs to be further improved. Various efforts have been dedicated to modulating the structure of CoS, thus increasing its catalytic activities. Miao et al. [16] deposited well-dispersed CoS nanoparticles on functional graphene nanosheets with high conductivity via electrodeposition and chemical bath process to replace Pt electrode, indicative of a comparable efficiency to Pt. Kung et al. [17] carried out a two-step approach of chemical bath deposition (CBD) and sulfuration treatment to fabricate acicular CoS nanorod arrays. This new morphology and structure endowed the DSSCs based on CoS CE with a good efficiency. It is easily observed that the size and morphology of CoS have an important influence on electrochemical performance for I 3 − reduction, and carbon species have unique features and superiorities in increasing the conductivity of CoS CE materials, thus further improving its catalytic activities for I 3 − reduction. Carbon quantum dots (CQDs), nano-sized carbon particles, have attracted growing interest due to their high photochemical stability, low toxicity, good biocompatibility, and low environmental impact [18, 19] . It has also been demonstrated that CQDs are of great potential in energy storage and conversions [20] [21] [22] . It is well known that there are abundant negative charged oxygen-containing functional groups on the surface of CQDs. These groups could further adsorb metal ions with positive charge easily to A BSTRACT Hybrid materials with alternate components and synergetic effects are promising and intriguing materials as electrodes for high-performance energy storage/conversion devices. Cobalt sulphide (CoS) is one of the low-cost but inactive catalysts as counter electrode (CE) for dye-sensitized solar cells (DSSCs). How to optimize its structure and further enhance its electrochemical activity for I3 − reduction remains a major challenge. Herein, a simple and efficient approach has been adopted to configure CoS sheets-coupled graphene quantum dots (GQDs) architectures via electrodepositing GQDs and CoS on the fl uorine doped tin oxide glass substrate. When employed as the binder-free CE for DSSCs, the as-made CoS-GQDs exhibits a high catalytic activity towards the reduction of I3
INTRODUCTION
Dye-sensitized solar cells (DSSCs), as potential and representative substitute for silicon-based solar cells, have triggered much attention due to low manufacturing cost, environmental friendliness, high conversion efficiency, and easy assembly [1] [2] [3] [4] [5] . DSSCs mainly consist of three main parts: a dye-sensitized nanocrystalline TiO 2 photoanode, electrolyte such as the triiodide and iodide (I 3 − /I − ) solution, and counter electrode (CE) which is the most often-used Pt. The CE plays an important role in catalyzing the reduction of I 3 − to maintain a steady power output. However, Pt is a noble metal with high expense and low storage, which will extensively limit the mass production and practical application of DSSCs. With this information, various materi- [20] firstly used graphene quantum dots (GQDs) to dope polypyrrole (PPY), where GQDs-doped PPY as CE for DSSCs achieved a power conversion efficiency (PCE) of 5.27%, being superior to that of PPY (4.46%). Such an idea would be a promising and efficient strategy to further extend and boost the electrochemical performance of CoS-derived CE material.
In the present work, we report a strategy to synthesize CoS nanosheets coupled GQDs architecture via facile electrodeposition and sulfuration treatment. When employed as the DSSCs CE material, 7.30% of conversion efficiency is delivered, being superior to those of Pt and CoS, indicative of GQDs-promoted behaviors for DSSCs.
EXPERIMENTAL SECTION
Preparation of graphene oxide (GO) 3000 mesh GO was obtained by Hummer method. Briefly, 5 g 3000 mesh graphite, 2.5 g NaNO 3 and 130 mL concentrated H 2 SO 4 were stirred in the ice bath for 2 h. 15 g KMnO 4 were added slowly to ensure the temperature lower than 10 o C. Then, the mixture was kept at 35 o C for 1 h. After that, 230 mL deionized (DI) water was dropped slowly. The solution was stirred for 30 min at 98 o C and then 400 mL DI water and 10 mL H 2 O 2 were added to stop the reaction. At last, the GO solution was washed and centrifuged several times.
Preparation of CE
Graphene (G) was prepared by thermal reduction of GO at 500°C for 2 h with a 5°C min −1 heating rate in N 2 atmosphere. 160 mg G and 80 mL concentrated HNO 3 were mixed and reacted at 120°C for 24 h. The solution was separated by heating to 160°C to remove HNO 3 . The solid was diluted by DI water and sonicated for 30 min. GQDs were obtained by dialyzing (3500 Da) the filtrate from filtering the above solution through 0.22 μm membrane. 12 mg GQDs and 20 mg Co(CH 3 COO) 2 were mixed and diluted to 30 mL. After being sonicated for 10 min, the electrodeposition was carried out in the above solution with a two electrode system at 2 V for 30 min, in which washed fluorine doped tin oxide (FTO) was used as the anode and Pt electrode as the cathode. Finally, the FTO was dried in the ambient condition after being immersed in the 0.03 mol L −1 Na 2 S solution for 10 min. The whole fabrication process is illustrated in Scheme 1.
Assembly of DSSCs
DSSCs were fabricated according to our previous work [11] . The TiO 2 photoanode purchased from OPV Tech New Energy Co., Ltd., China, was immersed into 0.6 mg mL 
Characterization methods
The ultraviolet-visible (UV-vis) characterization was carried out at room temperature on a Thermo Evolution 220 UV-visible spectrophotometer. For photoluminescence (PL) performance, the excitation spectra were recorded by using the Thermo Lumina Fluorescence Spectrometer. The surface morphology and composition were characterized by field-emission scanning electron microscopy (FESEM, FEI Nova Nano SEM 450) combined with an energy dispersive spectrometer (EDS). Transmission electron microscopy (TEM) images were obtained by using a Philips Tecnai G220. High resolution transmission electron microscopy (HRTEM) observations were made via FEI TF30. X-ray diffraction (XRD) patterns were measured by a D/ Max-2400 with Cu K α radiation (λ = 1.5406 Å). X-ray photoelectron spectra (XPS, ESCALAB MK II X-ray) were conducted to analyze the surface properties.
Electrochemical measurement
The photocurrent-voltage (J-V) curves were investigated by using a stimulated AM 1.5 illumination (I= 100 mW cm −2 , PEC-L15, Peccell, Yokohama, Japan) equipped with a Keithley digital source meter (Keithley 2601). Tafel polarization curves and electrochemical impedance spectroscopic (EIS) characterization were conducted with a dummy cell. The former was carried out by a electrochemical workstation (CHI660D, Chenhua, Shangh ai) at a scan rate of 10 mV s −1 while the latter was conducted with a computer-controlled potentiostat (Zenium Zahner, Kronach, Germany) at 0.8 V from 0.1 Hz to 1 MHz with 10 mV amplitude of the alternating current in ambient condition. 
RESULTS AND DISCUSSION
The representative morphology and structure of the asmade GQDs are shown in Fig. 1 . It can be clearly seen that the GQDs with a uniform size and shape distribution are produced (Fig. 1a) . Further HRTEM images (insets of Figs 1a and b) reveal that the GQDs have a lattice spacing of 0.22 nm, which is associated with the (100) crystal plane of graphite crystallites. The Gaussian fitting curve (Fig. 1c) further indicates that the as-made GQDs can be well-dispersed with an average size of 1.59 nm.
The optical features of the as-obtained GQDs were examined by UV-vis absorption and PL spectroscopy, and the detailed results are shown in Fig. 2 . It can be clearly seen from Fig. 2a that the UV-vis spectrum shows two absorption peaks corresponding to the π-π * transition at ca. 230 nm and n-π * at ca. 270 nm, respectively [23] . To further evaluate the optical properties of the as-prepared GQDs, detailed PL study was carried out with different excitation wavelengths. As shown in Fig. 2b , the as-made GQDs display nearly an excitation-dependent PL behavior, which conforms to Stokes Law.
The typical top-view SEM images of CoS and CoSGQDs are shown in Fig. S1 . It can be clearly seen that nanosheet-shaped interconnected networks-structured CoS uniformly and vertically grows on FTO glass substrate. Compared with CoS nanosheets, it is interesting that the relatively small-sized CoS nanosheets are clearly observed in the presence of GQDs. This indicates that GQDs modulate and tailor the growth behaviors of CoS nanosheets. The reason for this is that the functional groups on the surface of negative charged GQDs (Fig. S2) would be favour- able for providing more anchored active sites for adsorbing cobalt ions. In this case, the nucleation and growth of CoS nanosheets can be easily modulated and tailored, leading to more uniform structure and small-sized CoS. Further TEM images shown in Fig. 3 reveal that the CoS features sheet-shaped structure. It can be clearly seen from 
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can be clearly observed within the matrix. HRTEM images shown in Fig. 4b further reveal that the CoS has a lattice spacing of 0.18 nm, while that of the GQDs is 0.22 nm, which is in agreement with that of the pristine GQDs. No obvious differences are observed in the corresponding XPS spectra of CoS and CoS-GQDs (Figs 4c and d) , implying that the addition of GQDs could not alter the Co valence at all. EDS mapping of CoS-GQDs in Figs 4e-g demonstrate that Co and S species uniformly disperse on FTO glass substrate. The electrocatalytic performances of CoS, CoS-GQDs, and Pt were evaluated, and the detailed results are shown in Fig. 5 . The corresponding electrochemical parameters derived from CV curves are listed in Table S1 . The two pairs of typical redox peaks that correlate with two reactions: I 3 − + 2e  3I − and 3I 2 + 2e  2 I 3 − , respectively, can be clearly seen for all samples in Fig. 5a . The lower potential peaks are associated with the reaction of I 3 − + 2e  3I − , while the potential peaks at higher voltage correspond to the reaction of 3I 2 + 2e  2I 3 − . The intensity of characteristic peak of A red and the separation between A ox and A red peaks (E pp ) correspond to the catalytic activity of CEs towards the reduction of I 3 − [5, 24] . The high peak current densities and low E pp are responsible for the excellent electrocatalytic activity. It can be clearly seen that among the electrodes tested, the CoSGQDs electrode delivers the largest current density and lowest E pp to some extent. This indicates that the as-made CoS-GQDs can most effectively reduce I 3 − to I − . The EIS measurements reflecting the electrochemical characteristics were performed and the corresponding Nyquist plots are displayed in Fig. 5b . The detailed parameters obtained by fitting the plots with the equivalent circuit (Fig.  S3 ) are also summarized in Table S1 . As shown, CoS, CoSGQDs, and Pt exhibit the similar R s values, indicating the similar bonding strength between the CEs and conducting glass substrate. Besides, the CoS-GQDs electrode also gives the lowest R ct value, allowing a fast charge transfer at the interface of electrode/electrolyte. The excellent electrochemical characteristics may endow CoS-GQDs with a promising substitute for Pt CE of DSSCs. Fig. 5c shows the Tafel polarization curves that the variation of logarithmic current density (log J) is plotted against the voltage. It can 
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be clearly seen that the CoS-GQDs CE has relatively larger slope for the anodic or cathodic branch in polarization zone compared with that of Pt CE, indicating a higher exchange current density (J 0 ) [25] . The high J 0 corresponds to low R ct , which is in good agreement with EIS's results above. This implies that the CoS-GQDs can more effectively catalyze the reduction of I 3 − to I − . The J-V curves of the DSSCs based on CoS, CoS-GQDs and Pt tested under simulated sunlight is demonstrated in Fig. 5d , and the corresponding parameters of photovoltaic device performance are listed in Table 1 . The CoS-GQDs electrode shows a short-circuit photocurrent (J sc ) of 13.83 mA cm −2 , an open-circuit voltage (V oc ) of 0.78 V, and a fill factor (FF) of 68%, thus yielding a conversion efficiency of 7.30%. While the Pt electrode only shows the conversion efficiency of 6.94%, indicative of the superior performance of CoS-GQDs CE for DSSCs. It is also noted that the CoS electrode only exhibits a conversion efficiency of 5.55%, further revealing unique function of GQDs in this system.
CONCLUSIONS
In summary, CoS-GQDs hybrids were successfully configured via electrodepositing GQDs and CoS on the FTO glass substrate. The functional groups on the surface of negative charged GQDs would provide more anchored active sites for adsorbing cobalt ions, thus modulating and tailoring the nucleation and growth behaviors of CoS nanosheets. When applied as the binder-free CE for DSSCs, the asmade CoS-GQDs exhibit a high catalytic activity towards the reduction of I 3 − , and 7.30% of PCE is delivered, being superior to those of Pt and CoS. Such a high performance would be attributed to synergetic effects of GQDs and CoS. The present work provides a simple method for configuring low-cost binder-free CE materials for replacing Pt. 
